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Introduction I-III-VI 2 compounds are developing into a promising material to meet the energy requirement of the world. CuInSe 2 (CIS) and its alloy with Ga and S have shown long term stability and highest conversion efficiency of 19.5% [1] . Among the various ways of preparing CuIn 1-x Ga x Se 2-y S y (CIGSS)/CdS thin-film solar cells, co-evaporation and sputtering techniques are the most promising. Sputtering is an established process for very high-throughput manufacturing. ARCO Solar, now Shell Solar pioneered the work in CIS using sputtering technique [2, 3] . The two stage process developed by ARCO Solar involved sputtering of a copper and indium layer on molybdenum coated glass as the first step. In the second step, the copper-indium layers were exposed to a selenium-bearing gas such as hydrogen selenide (H Se) mixed with argon. The hydrogen selenide breaks down and leaves selenium, which reacts and mixes with the copper and indium in such a way to produce very high-quality CIS absorber layer. Sputtering technology has the added advantage of being easily scaled up and promotes roll to roll production on flexible substrates. In the early 90's, a nontoxic selenization process was developed at the PV Materials Lab to avoid use of extremely toxic H Se gas. The two stage selenization process involved deposition of copper-indium layer with excess copper. The elemental stack was selenized by heating the substrate in the presence of selenium vapors obtained by thermally evaporating elemental selenium. Selenization of the copper-rich film helped improve adhesion with molybdenum back contact. The copper-rich film was further deposited with indium and re-selenized to produce an efficient thin-film CIS absorber [4] .
The process was further modified and gallium concentration was optimized to produce cell with efficiency 9.02% [5] . As of now, CIGSS/CdS thin film solar cells are being prepared by rapid thermal processing and conventional selenization using diethylselenide (DESe) as selenium source [6, 7] and H S as sulfur source [8] , in combination with DC/RF magnetron sputtering and chemical bath deposition technique. Sulfurization of metallic precursors is a well-developed process to produce a high bandgap (1.55eV) absorber. Hahn-Meitner-lnstitut of Germany has developed a similar process using elemental sulfur [9] . A new selenization set-up for DESe was build and moved near the furnace to reduce the distance between the furnace and selenium source. Preliminary Metallic precursors CuGa and indium were sputter-deposited on molybdenum coated glass substrate. Power and pressure for precursor deposition was kept the same in all experiments discussed here. The speed at which the substrates moved over the targets of each precursor layer was varied in order to obtain desired rates of depositions, total thicknesses of each layer and consequently the stoichiometric composition. As mentioned in the Year 3 Annual Report, the substrate movement speed was controlled with a PCcontrolled stepper motor using a LABVIEW program.
Experiment #1-To set initial parameters for selenization and sulfurization.
Metallic precursor -CuGa was deposited at linear speed of 0.048 cm/sec while indium was deposited at a linear speed of 0.021 cm/sec. The elemental stack was selenized at 400 o C for 10 minutes and sulfurized at 475 o C/20 minute in a single run.
i:ZnO and ZnO:Al window bilayers were deposited using RF magnetron sputtering at 200
Watt at 0.048 cm/sec and 300 Watts at linear substrate movement speed of 0.006 cm/sec.
Ni/Al contact fingers were deposited using a metal mask by electron beam evaporation. Addition of controlled amount of sodium helps in growth kinetics of the chalcopyrite film resulting in crystalline film [12] . Two changes were made in this experiment. First the amount of CuGa was increased by reducing the substrate movement speed from 0.048 cm/sec to 0.04 cm/sec. Secondly small amount of sodium was added in the form of NaF layer. 3.4 mg of NaF was thermally evaporated onto the Mo surface. NaF melted and then evaporated at a current of 160-165 A. Calculations indicated that this amount corresponds to 60 to 120 Å. Some part of the film peeled off at Mo/CIGSS interface. Peeling was due to improper cleaning and probably due to NaF layer at the interface. The film was patchy, a part of it had sheet resistance of 250 Ω/□ while the other had 300 Ω/□. Sample 2a was from the lower sheet resistance region indicating more copper while Sample 2b was from the comparatively higher sheet resistance. Overall the film was copper-rich as Cu/In+Ga ration was > 1. The problem of incomplete selenization continued as the amount of Se in the films was consistently low. A thin layer of NaF was deposited on the precursor layer instead of Mo layer as it was believed to be one of the potential reasons for peeling observed in Experiment 2. The film appeared uniform after the selenization cycle. SEM micrograph (Fig. 3) revealed well-developed, compact and distinct grains with sizes varying from 0.5 µm to 2 µm. It was again evident from EPMA analysis that the proportion of selenium was considerably lower than that of sulfur. After CdS chemical bath deposition on the absorber layer, a patchy morphology that was not discernible on earlier selenized/sulfurized films appeared. Another important observation was no peeling-off of the absorber film. Figure 5 , it was seen that the amount of Se in the absorber film was very low even after increasing the amount of diluted DESe (from 30 Torr to 60 Torr). Therefore, selenization was carried out on the excess copper film.
Indium layer deposited at substrate speed of 0.04329 cm/sec was sandwiched between two layers of CuGa deposited at substrate speeds of 0.06 and 0.138 cm/sec respectively.
No NaF was added as the film had excess Cu. SEM micrograph is shown in Figure 6 .. In all the experiments carried out so far, Se incorporation was found to be very less. Hence, further experiments were carried out for preparing selenide absorber layer. contact for efficiency measurement. The thickness of these films was measured using a thickness profilometer and was found to be 1.3 to 1.5 µm. This thickness was almost half of the value intended (2.75 µm). SEM of the absorber layer is shown in Figure 7 .
As deposited selenized The dark patch was believed to be that of non-reacted film. So the dwell time was increased to 15 minutes in the next experiment.
Another sample shown in Figure 9a -3 was selenized at 400 o C/15 minutes and it showed a pattern after taking out from the furnace. The pattern remained after etching.
The entire film turned dark on oxidation. The film also peeled off during CdS deposition (Figure 9a-2) . SEM of the film is shown in Figure 9b . In both the films shown in Figure   8a and 9b, the thickness of the absorber layer was in the range of 1.3 to 1.5 µm. Due to the lower thickness, Mo layer was completely reacted, as a result of which devices could not be prepared using the film. In next experiment, the deposition timing was doubled so as to obtain higher thickness of the absorber film. As mentioned earlier, the thicknesses were in the range of 1.3 -1.5 µm so the deposition timing was doubled. CuGa was deposited in two layers; the first layer was deposited at a substrate speed of 0.03 cm/sec while the second layer was deposited at 0.07 cm/sec. An indium layer deposited at a substrate speed of 0.021 cm/sec was sandwiched between the two CuGa layers. Experiment # 10-To study the effect of reduced ramp rate
In another experiment, the ramp rate was reduced to 6 o C/minute. This sample showed a patch too as seen in Figure 10c . However, the film showed overall uniformity compared to the film shown in Figure 10a . The sheet resistance was 300 to 500 Ω/□ and the thickness was 3.8 to 3.9 µm. SEM image is shown in Figure 10d . The grain size varied from <1 µm to 2 µm in all the samples. Sulfur quantity was higher in all the films. Cells were completed and efficiency was measured. The values obtained were not very attractive and it was inferred that the process needs to be modified to optimize the parameters to obtain good quality absorber.
Heterojunction Partner Layer, CBD CdS
Heterojunction partner CdS layers were satisfactorily deposited by chemical bath deposition on 10 x 10 cm 2 CIGS2 samples. The CdS deposition set-up was modified to reduce the quantity as well as to ensure uniform heating of the solution. A 4000 ml beaker was used as a water bath while the reaction solution was prepared in a 1000 ml beaker. Two samples of size 5 cm x 10 cm could be coated with a conformal layer of CdS in a single run.
Rapid thermal processing (RTP)
A Rapid Thermal Processing (RTP) unit has been designed, constructed and installed for preparation of CIGSS thin films on 10 cm x 15 cm substrates by selenization/ sulfurization of elemental precursors using the vacuum deposited selenium layer and N 2 :H 2 S atmosphere. For RTP, selenium evaporation will be carried out by thermal evaporation in a separate setup. An optimized, minute amount of NaF was deposited to improve the morphological and electrical properties of the absorber.
The configuration and schematic are shown in Fig. 11 and 12 respectively. A quartz tube (ID = 15 cm) was mounted with a stainless steel flange assembly. Figure 14) . In the subsequent experiment, it was found that when total lamp power was fixed at 35%, the substrate temperature rose to 500 o C in 52 minutes and remained stable (Figure 15 ). The results of these experiments are being used to maintain a given temperature during the desired interval after reaching that temperature at a very high rate using 100% power.
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The following graphs show ramp rates for various power settings: Towards the end of the quarter, a high-purity, pyrolytic graphite custom-made tray ( Fig. 16 ) was procured from Poco Graphite to hold a 10 cm x 10 cm sample at the center of the rapid thermal processing (RTP) quartz chamber. The graphite tray was designed in such a way that the sample could be kept in the tray. The graphite tray would rest on a larger quartz plate of size 14 cm x14 cm x 0.31 cm. 
